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Evaluating the Crop Water Stress Index and its correlation with latent heat andCO2 fluxes over winter wheat and maize in the North China plain
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Plant water status is a key factor impacting crop growth and agricultural water management. Crop waterstress may alter canopy temperature, the energy balance, transpiration, photosynthesis, canopy wateruse efficiency, and crop yield. The objective of this study was to calculate the Crop Water Stress IndextONSIl front canopy temperature and energy balance measurements and evaluate the utility of CWSI toquantify water stress by comparing CWSI to latent heat and carbon dioxide W2) flux measurementsover canopies of winter wheat (Tnricum aesnvum LI and summer maize (Zen tnnys L). The experimentwas conducted at the Yucheng Integrated Agricultural Experimental Station of the Chinese Academy ofSciences from 2003 to 200S. Latent heat and CO2 fluxes (by eddy covarhsnce), canopy and airtemperature, relative humidity, net radiation, wind speed, and soil heat flux were averaged at halfhourintervals, Leaf area index and crop height were measured every 7 days. CWSI was calculated frommeasured canopyair temperature differences using the Jackson method. Under high net radiationconditions (greater than 100W m 2,, calculated values of minimum canopy’air temperature ditTrenceswere similar to previously published empirically determined nonwaterattressed baselines. Validmeasures of CWSI were only obtained when canopy closure minimized the influence of viewed soil oninfrared canopy temperature measurements (leaf area Index was greater than 2.5 m m Wheat andmaize latent heat flux and canopy CO2 flux generally decreased linearly wIth increases in CWSI when netradiation levels were greater than 300W itt The responses of latent heat flux and CO2 flux to CWSI didnot demonstrate a consistent relationship in wheat that would recommend it as a reliable water stressquantification tool. The responses of latent heat flux and CO flux to CWSI were more consistent in maize.suggesting that CWS! could be useful in identifying and quantifytng water stress conditions when setradtatinn was greater than 300W in The results suggest that CWSI calculated by the Jackson methodunder vatvlog solar radiation and wind speed conditions osay be used for Irrigation scheduling and,sgricuiturai water management of maize n Irrigated agricultural rsgions, such as the North China Plain.
Published by Elsevier By.

Conopy temperature is a part of the canopy energy baiance, Assolar r,rciOtion is absorbeo by leaves, leaf ternpercrures increase,L.eaf cooiing takes place as some of the thermal energy drivesrranspirarinnai water loss, Under wafer deficrt conditions, stomatack,se it’, response to 1055 uftusgor oressure (kramer, I ‘183). causinga lowering of transpiration rare and an increase in canopyremperature. Idso i..r ,ll, I 1981) defined the Crop Water StressIndex tCWS1I based on the empirical linear ti’i’ac,onshp betweenmithday canopyair temperature difference and vaptir pressure
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rieficit under high. net radiation, nomwatersrressed condlrons.The CWS I has been frequently used to quantify Crop water stressbased on canopy temperature over the past three decades 1Gw duet‘7: 31,. tiUPa).. and has also been used for irrigation management(Nielsen and Gardner, l,9g7 Nielsen, 1994)).
iackson ci al, (1981, 1988) cevi.sed Idso’s CWSI deflnition using atheoretical analysis based on the canopy energy balance and thePenman Mnnteirh equation, Other researchers have modified theJack.son CWS1 over the past two decides ((lawson et 3i,, 1989,1999’ Alas arid Pemeira, ,itJtXT tAo iN al., P000L Also anotherwater deficit index ‘using remotely sensed spectral inforrnaticm hasbeen proposed (Nran et al., 11394).

Irrigation schedultng based on CWSI for i.lifferent crops indifferent regions been documented (Nielsen and Gardner,14)87, Nielsen, 1990: Carrot Cf ai., iJ90 BenAsher Ct al, l992
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147Yazar or al bOO: fiat ‘es or al.. 2bO, Aldet fsi md Neisrn. 2001:Oita et ml., 2003 Silva mud R,w 2005. in the NOrth China Plain,Yuan c’t il. )2004) compared mud evaluated the performance ofthree CWSI calculations. and found that the Jackson (‘WSl was thebest for quantifying crop water stress in winter wheat,CWSI quantities the combined eects of soil water, armespheric, and crop conditions on crop water status. Nielsen andAnderson) l089J reported strong relationships between CWSI andstomatal conductance, leaf water potential, leaf transpiration rate,available soil water, and leaf (02 exchange rate in sunflowerHetumnrflus unnuos (I,)). However, studies of the relationshipsbetween CWSl and canopy CO flux and water use efficrency foradditional crops are needed to advance our understanding andmanagement of crop water stress using the easily measured CWS1.Research about the relationship between CWSI and canopy CO-Iflux mn agricultural fields is rarely reported. Therefore, theubjectivesof this study were to compute CWSI by the Jacksonmethod from measured canopy temperatures and rneteorologlcaldata n winter wheat and summer maize fields mu the North ChinaPlain, and to evaluate the utility ofCWSI to quantify water stress bycomparIng CWSI to latent heat and C0 flux measurements,

2, MaterIals and mettwds

The field experiments were conducted at Vucheng IntegratedAgricultural Experimental Station of the Chinese Academy ofSciences in the North China PlaIn, 350 km south of Beijing (latitude36 SiN, longitude 116 36’E, 28 m above mean sea level) from2003 to 2005, The soil type in the experimental area was silt loam,Yin (2005) reported volumetric water content at field capacity,saturated hydraulic conductivity, and bulk density of the 0-50cmsoil layer to be 0.440 m3 m ‘, 75 mmd , and 1.50 g cmrespectively. Bespective values for the 50—100cm layer were0,447 mtm m , 55 mmd’. and 1.51 gcm . Respective values forthe 100—140cm layer were 0,426m3m , 88 mmd’, and1.54 g cm5. Table 1 gives values of mean monthly temperatureand precipitation recorded at the study site and the longer-termmeans at a site 40km southeast of the experimental site.Measurements were made at the center of a 300 m - 300 mfield where winter wheat was grown from October to June andsummer maize from July to September each year. In all three years,the wheat variety Caoyou No, 503 and the maize variety ‘Yudan22’ were planted, Row spacing was 27cm for wheat and 70cm formaize, and row direction was north-south, Surrounding theexperimental field was uniform farmland of crops at similargrowth stages. There was a fetch of over 5000 in for winds from alldirections during the crop growing season.Latent heat arid C0 fluxes were measured with an eddycovarlance system in.stalled at a heIght of 2.1Gm above the soil

surface for winter wheat and 3 30 -m for summer maize, Thesystem consisted of a fact rocponse infrated gas analyzer (1,17500,l.l.COR Inc.. Lincoln, NE, USA) and a three-dimensional sonicanemometer ((SAil, Campbell Scientific Inc., Logan, Ui’, USA).Data were recorded with a clatalogger )CR23X Campbell ScientificInc., Logan. lit, USA) at a sampling frequency of 20 Hz for eachchannel. Average values were calculated and recorded every30mm, A net radiometer (CNRI, Kipp Zonen, Delft, TheNetherlands) was also installed at a height of 2.10 in for winterwheat and 3.30 m for summer maize to measure incoming.reflected, and emitted components cii shortwave and iongwaveradiation, Air temperature and relative humidity were measuredwith a temperature/humidity probe :HMP45C, Vaisala, Helsmnki,Finland), Wind speed was measured with an anemometer (Al DOR,Vector Instruments, Rhyl, United Kingdom). Two soil heat fluxplates (HFPOISC, Huksetlux, Delft, The Netherlands) were installedmt 0-10 in below the soil surface at row and inrerrow positions. Formore details about the eddy covarlance system and the experimental site, see lee Ct al. (20(14), Wang et al, (2006), Xiao ot al.‘2006). and U md Vu (2007). Because sensors in the eddycorrelation system were greatly influenced by rainy weather, thedata obtained during these anomalous days were excluded fromevaluations with CWSI calculations,
Crop canopy temperature was measured continuously with aninfrared thermometer (IRS) installed on a bracket of the eddycovariance sysre The IRT was pointed south with a 45 - downwardangle from the horizontal, detecting radiation in the 8-14 .rmwaveband (Minolta/land Cyclops Compac 3, Land InstrumentsInternational, AMTEK, Inc., Beijing. China). Calibration of the lKl’ wasperformed prior to measurements using a commercial blackbodysurface (Everest lnterscience lnc,, Tuscon, AZ, USA), Canopytemperature was measured every minute with average valuescomputed every 30mm. Data from 1230 to 1500 local time wereselected for computation of CWSI and analysis as this is the time ofday when crop water stress and vapor pressure deficit are mostlikely tobe at maximum values (Gardner er aL I 992b), Restriction ofthe data to this time period also minimizes the influence of varyingsolar azimuthal position on measured canopy temperature (Nielsenet al,, 1984),Twenty plants were harvested weekly from randomlyselected locations, leaves were removed and leafarea was measuredwith a leaf area meter (U-]l00, U-COR lnc., Lincoln, NE, USA) tocompute leaf area index (LA!). Crop height was also measuredweekly. Daily values of crop height were obtained from rherreasured data by linear interpolation.CWSI was computed following the method of idso et 2i. (1081)
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where di and dTn are actual, maximum, and minimumcariopyJir temperatute dfferences, respectively. The deter minauoits of dT,a, and dT.n:n are critical to computing t7aVSl, Flie valueof dT was empirically set as 3 C for winter wheat based on the.rhsetvations for ranopy-air temperature difference in the currentmsearch although previously reported research generally used 2 C(klcri et al 981, Howell et al., 1986: Alderfasi and Nielsen, 2001Values of dT,. are not really constant and probably vary primarilywith net radiation and wind speed. For summer maize, rise value ofdT. was also set to 3 C (iclsen and (arriner. l087(, dT wasmpuieci theoretically based on Jakson t al. 1981
rRC( y;Ir3/ VPD

‘‘°° dCp I I r,/r)
, vvil .rr/r

where R,, is rhe net radiation, C is the soil heat flux, p is the airdensity. ‘a is the specific heat at constant pressure. y Is thepsychometric constant, is the slope of the saturated vaporprecsure rem perature curve, r is the aerodynamic resistance, i’mis the canopy resisrance at potenlial transpiration, and VPD is thevapor pressure deficit, r,n was set as 22,7s m for winter wheat,an average value from the research by Yuan et al. 2(104) and25.Os m for sunimer maize (Steduto and Ftsain, l998), Theaerodynamic resistance can be computed by (Thorn .t nd Oliver.1971)

4 721n(z d;1213)2‘a
I iOS4u

where z is the reference height, d is the displacement height, 20 isthe roughness length, and v is the wind speed, The terms z and dcan be represented as functions of the crop height, h, In the currentstudy, d—0.56h and z-0.)3 h (relationships given by Legg andlung, 1975).
Water use efficiency is an Important parameter in cropsimulation models and yield estimation, It has different definitionsdepending on the time and space scales of the processes andsystem aggregation it refers to (Steduto, 1996), Canopy water useefficiency (CWI)E) in this study was defined as

(WUE
(4)

where Fe
— (02 flux over the canopy: B H20 flux over thecanopy • latent heat flux.lattt heat of vaporization.

VPt) (kP)
F1r 1. Relationship between vaporpressure deficit (VPD and minimum s.anopy..air
umperature ditterence ;dT,,,) ad calculated by tq. 21 dackn srergy balance

method) over whe,ii nid iniet cadopies. The data points are from half-hourly
(3) average valim aken between 230 and 500 when net radiation Was glealer thaO

SOOWni 3

from I to 3.5 kFa for both wheat and maize under high netradiation conditions,
Fig. 2 (2003 maize) is shown as an example of how dTnjn undernonwater-stressed conditions increases as net radiationincreases, but the slope of the linear decrease with increasingVP!) remains essentially unchanged. At a VPO of 2 kPa, dT, lS3.8 C when net radiation is between 100 and 200W m and2.9 C when net radiation is between 600 and 700W m 2

32. Influence of leaf area devekiprriertt on CWSI

CWSI for both wheat and maize fluctuated widely for bothwheat and maize crops early in the growing season of each crop,and often exceeded the theoretical maximum value of 1.0(Pig. 3). This was primarily caused by the lRT viewing the warm
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Because of the critical influence that dT.,, has on theralculation of (WSi, we used observed metenrologlcai tiaraunllected between 1230 and 1300 local time when net radiationwas greater than 300W m to veri that snergy balanceiostsunienfatian were runctlonng properly and formulas usedr2 Ja e n’ F4s Ii id f4’ were properly n”pleme” edThe r.iata observation times were restricted to high root radiatIonperiods when full uan.npy rover was assured so rh,at the calculateddl .. values Tould be compared to previously published rIrTIpinC‘ally derved non-water-stressed baselines that had also beendetermined under (rtgh net radIation condit:r’.rs (Idso. 1382;Tkelseri and Gardner, 1981). Data were averaged by (2.25 kPa VP!)classes to Smooth the data, The data for both wheat and maizeIndicate some variation from rise previously published empiricallyestablished non-waterstressed baseline, (FIg. 1), but areriently close to give us confidence in using the Jackson method toralculare dTn from the energy balance components. Values ofdl’,, declined linearly from about 2 to 5 ‘C as VP!) ncreased
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soil surface between rows prior to canopy closure or Itill coverconditions, which we assumed to occur at iM — 2.3 (Fig. 4),Farly in the growing season, when LAI 25. precautions shouldbe raken to ensure that only vegetative material is viewed bythe lRT to avoid the influence of a warm soil surface arrlneror si.. )D2a). Date of full cover for both crops aaried betweenyears approximately 15 April in 2003 and 1 April in 2004and 2005 for wheaC approximately 25 July in 2003 and 6August in 2004 for maize). We therefore restricted our data setfor further analysis to meas.urements made after lull coverdevelopment.

To investigate the relationship between CWAI sod IF (and.nopy photosynthesis and canopy water use efficiency,discussed later) we again restricted the data used for analysisto data collected aftet full cover and between 1230 and 1300local time. Data were averaged by 0.10 kPa VPO classes tosmooth the data. For both wheat and maize. when therelationshIp between LWSi and LI is considered regardless ofnet radiation level (Fig. 3, upper left panel), there appears to heno correlatton. But as the data are separated into net radiationclas the negative relationship between FE and CWSI becomesapparent at net radiation levels greater than 300W m (Fig. 5.lower two panels). Similar relarinnshps were found for wheat in2004 and 2005 and for maize in 2003 and 2004 (data not

shown). Significant negative linear relationships between FE andCWSI were found when net radiation was greater than300W m 2 for wheat in 2003 and 2004 and for maize in2003. and also for maize n 2004 when net radiation was greaterthan iOOWm 2 (Table 2).
A significant increasing linear relationship between LI andCWS1 was noted for maize in 2003 when net radiation was lessthan 100W m 2 in the other tiara Sets under low net radiationconditions there was no significant relationship berween LB andCWSI. Under these low net radiation conditions, U. is apparentlymore influenced by net radiatlon level or air temperature than bywater availability.

Pig. 3 demonstrates that IF is related to both CWSI and Rn. AtCWS1 (16, fUr ezample. LI — 200W when Rn is between 100and 400W m . whiie LI 100W to when Rn is greater than500W m ‘. We further investigated the dependence of lIon CWSiand Rn by fitting the mboel

to the data sets identtfled as signi&anr in Table 2. Fig. U and Table 3demonstrate the significant correlation between FE and both Rnnd CWSl. The regression of LI on Rn, CWSI and the interwtion ofRn and CWSI was highly sgnt&aor (P 001) for all five croplyearcombmations. Correlation coefficients ranged from 0,77 to 0.87(Table 1). Values of FE predicted by the multiple linear regressiongiven 0 fable I are plotted against observed values to demonstrate
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omijar rrsoonsc rn CWSI as previously described fdr LE.(Table 4).1fiux of w.totat in l..003 and 20(15 and of m.aizn in 2003 inc eo:ited
wnh nrreases ri CWSi when net radranrm was very low
(Rn I0:.Wn ). a.nd d.fd not respond to CWSI when netradiation was very low in the other two rnp-year data sets. Aspostulated earller, this is probably a response of photosymbesis
rate being more influenred by ncreasang temperature at low netradiation than by level of water stress, For wheat in 2003 at netradlation levels greater than 200W rn1 CO2 Flux declined with

increasing CWSI. The negative response of CO1 0u to inc.reasi.tgCWSI was ‘wt cvnleni to wheat n o’304 olfl Oct tddt2000 wasgreater than 300W rn , and was not seen a? all in wheat in 200g.
For maize in both 2003 and 2004, CO1 flux dedined linearly wtth
increases tn CWSI at net radiation levels greater than 200W m
(2003) and greater than l00Wm’ (2004). Similar to the data
shown in Fig. 5 for t.E response to CWSI, higher levels of net
radiation resulted in higher levels of CO2 Flux at a given CWSI leveldata not shown).
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table I
Multiple linear regression ,oemcients for latent beat (lux (it), 002 lIux (Pr), or canopy water use eMciency ((SHOE) regressed against crop water stress index (CWSII and netsadlatlon (Rn) tOr wheat jnd naite canopies on (he North China Plain.

CroplyearN Rn(Wm’>) 0 c d P
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Wheat 2003 4.3 >300 0.0167 3 72€ 08 0.0144 1.41€ 06 0.30 0,71winatlli04 14 ‘-3330 0.0259 2.10€ 05 -00220 3268 05 (564 -.O0i50 105 a 300 3(301 10€ 35 > s3130 5. 1nE (25MaCic 2003 37 200 fl’3445 7 108 00 ((0632 48 04 t93M (04 414 0(3 c 1402 4 “8 (10 0 333 4408 05 84 0010” mbo’ >1 ‘*0030113004 4 (5 s’ .1— mccc ‘gross c-sc ‘e’gcleqO or (I F so (WOE c 6 Rn 05.1 ( Sr I 215. 5 Cs’rso 411”ll ‘41 cia I l Isal

1’ ft Vt 10 “ci 3’ e a “9, 0 (1041 an 121 19 33 00 ‘4 .1t



C It p1 iL!.Orfr04vial Watrr ‘f n’efl $7
02010) 1 146—I 35

rabfr 4
linear regrec0on dope, niercept, R. and P values for model Fr —a • CWSI Fc — C0 Hut (mgm s ). CVQSI —crop water stress Index),

Crop Year Net radiation class (WmZ) Slope Intercept 4 P N
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As was done for the evaluation of LE related to net radiation andCWSI, values of CO2 flux were fit to the model given in Eq. (5). andthe regressions (Table 3) were used to determine predicted CO2flux values which were plotted against the observed values (Pig. 7).Significant correlations were found between CO2 flux and both Rnand CWSI. The regression of LE on Rn, CWSI and the Interaction ofRn and CWSI was highly significant (P a 0.01 ) for all five crop/yearcombinations. Correlation coefficients ranged from 0.36 to 0.84(Table 1)- As with bE, we attribute some of the scatter seen in Fig. 7to the fact that CWSI and Rn are single point measurementswhereas the CO2 flux measurement integrates conditions over alarge area that may have some spatial variability in wateravailability to plants.

15 Relationship between (‘V/SI and (‘V/tiff

Cl/UP for wheat in 2003 was not affected by CWSI except whennet radiation level was less 100- 400W 2 and greater than500W m “ (Table 5). At those net radiation levels there was aSec)ine in (‘WU! with increasing CWSI. A similar result was seen forwheat’in 21)04 when net radiation was greater than 300W mCWliFmncrcssed with inc:reas.ingwarersrrecs fnrwheat in 21)05 upto.1 net radiation level of 400W m . At greater net radiarlon ievels Inrhar year rhere was no response of CW’UE to increasing water stress.For maize there was a fairly well dePned decrease In (‘WOE withIncreasIng water stress irs both- 21)03 and 2004 when net radiatsonwas between 200 and 400 an-din 2004 for net radiation between 100and 500 W m . For net radiation greater than 400W itt i,n 2003(nd greater (han 500W rn n 2004 there was no change in C’MJEwith increasing CWSI. Previous research reporsed wheat water usedeclined with increases CWSI (Wang et al., (005).Application of the regression model given in equation to thewheat Oars when iet radiation was greater than 300W m I
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showed the model to he significant (P 0.01. R—0.550134.
ishle Sc in 2004 and 2005 but not in 2003 (P —071, R — 0,18).Ow regression nodel was highly significant (P 0.01, R -063-
0 84 for both years in maize for data ollecred when net radiationwas greater than 200W 2 rhe plot of cWIJE predicted from the
egressions given in Fslsle I vs. observed CWUE (lig. 8 demon

snares the lower correlation between CWUE and the combination
of ret radiation and CWSI than was seen for FE and (‘O fluxes,

4. Condusion

She irsuirs of this study confirmed the large ntluence that
viewed soil surtace can have on CWSI calculated by the Jackson
energy balance method, CWSJ calculated wider conditions in
which the warm soil surface is viewed by the IRT are not useful forquantifying crop water stress, and methods should be employed to
minimize viewed soil such as aiming the IRT across rows rather
than parallel to the row direction.

the relationship between dTr, calculated by the Jackson
energy balance method and VPD was confirmed to be linear and
very similar to previously published empirically determined non-water stressed baselines when net radiation levels were greaterthan 500W m . ‘rhe value of dTwn at any given VPD decreased asnet radiation decreased.

Both latent heat flux and CO2 flux declined as CWSI increasedwhen net radiation was greater than about 300W m for bothwheat and maize. At lower net radiation levels latent heat flux andCO2 flux may be more influenced by air temperature than by wateravailability and water stress. The response of CWtJE to CWSI wasmore variable than the responses of latent heat flux and CO2 flux,but could most often be characterized for both wheat and maize asCWUE declining with increasing CWSI when Rn was greater than300Wm
This study demonstrated the utility of calculating CWSIcontinuously by the Jackson energy balance method under a widerange of net radiation conditions (300—iOOWm ). Previousstudies suggested that the usefulness of CWSI for detecting andquantifying water stress may be limited to semiarid areas of theworld with mostly sunny, clear sky (high net radiation) conditions.The results of this study indicate that half-hourly averaged CWSJcalculated during midday conditions when the soil surface is notviewed by the iRT and when net radiation is greater than300W m should produce useful estimates of crop water stresswhich are correlated with latent heat flux and canopy photosynthesis. While the results are somewhat less than definitive.there appears to be ample evidence to warrant further investigation of the use of CWS! to quantify water stress in large fieldsituations md to consider the use of CWSI in irrigation schedulingof wheat and maize in the important agricultural area of the NorthChins Plain,

Acknowledgement

She .rtrthc,r would Ste to express their .spprer:iation to Scr.Shouhua Xu in the institute of Geographical Sciences sod Naturalaesrrurcrs Re.search, Chinese Academy of Science fAr his catoahleassistance rluring the data processing,

,sidorfarm, A..A,, Nrciwr,[xc 2001 Sic of corp wairr ii wit ,rdcs for o’rrrr or 05waror cato .rmtd to d,.tiog rigaiirrrrr A ‘wheat, Agrir. Woter 5., n,re. 4?.so... 35
41w, 1, Prcirj, 15,, 2000, Non water tiretwd t, wilnet fir origairori rr’lwdofrigwith cOated herinotr’tereco’ a rew .tppm,h. wig. 5cr 10, 0t 06.trrr, F.M. Porter Jr Cl, Krrrrh2tl S 3,, Orrirraker D.J Walt. C W , aMrtrr, SC,21)011 Pre’riort in1ation rron.rEemerrt odrig rrrdelirrg rid remote ‘eroog

apprractret 10 National tmrgation Sy’opmitrrn, rweedirrgr of he rvoh1)mrrriai S !.rtiom rhoenrr Srizrrpa. &sAf. ‘irteember 14-’) pp. 112 IC’.iIenA’hr, 3.. Chene, cj., Kiriani, A.. I’492. Canopy wnrperarnre 0 .ttsess laityevapetrarrspraiotfr rod mdnagerorerit f’ogh freqoeriry rp aorr ystems.*.grlc ‘5’ater Marragr. 22. 579-190.
c’l,rwson, K.L. )ittkton. RD., thrrterJr Cl ‘titq ts titrating eut woet itwit witc,rr’oily riperarure ditererrier ‘.grin J ii
Gardner 6.5., Nielsen, D.C.. Shock, c.c. t)92a, titrated thermomrtry .tmi thecr’rp 3ier rim,s ,‘rrjex, I Hrror heir. rod hatcher I ‘nd. kgtc S.41)2 466.

,r,dnem, Wit. Nielsen, ftC. Shock. CC. 1 ‘)I)2b. rOared Ihermorrierry aid ire copwaler riles; ‘odes, ‘I 5.utrpllng
‘

octoIurn rid rrrr p’c’snrrn 1’ ‘rd ‘igir’ S.4456—4 h’S,
..frrrtr 3)) Frngme’er IDifusmar’ cii ‘riO rrgar’’rri ‘chedr3’g ‘cong he

,rp water ,rre;s rndee in ‘Sr torso It V’ irons It li Future -‘Smos CeilingSof he ‘th,rd .Nji,onal Irrigation Sympotium, St. Jirseph. Mt. ASAE. April. pp.261266,
Howeil, t,A,, Mi.wick cT, Talk, j.A.. 1066. canopy entpem.fture of imrigaied wHiter

wheat tr,rn YsAF 29 11012 509
‘iso. 5 ii. 062 Nrrn.water.irre.ied ‘raselrries. key ro nacairrirrig and rierplettogplani wafer sires;. Agric. Metornl, 27. 59-. 70.
div S 8.,hatkson 6.0,. Sitter Jr. PJ Segrnaio RI. traitield CL. 061. SonarOng the stress degree day tot envtnnrnenal variability. Agric. Meieorol, 24.45-is.
acksirn. It 0., Otto. 58.. Reginato. S.). 981. canopy temperature as mop water‘tress ndicaror, Water Resitur Re;. 17, 153—It 36.

Jackson. 5.0. Rustas, W.P Ch.rrtdhrrry. 6.1. ‘155 ree:rano,ilmr. cc se cA riater
tiress ridea, trig, Sci 9, 109—liP.

Joe;, ICC. 1095, Use vi’ inirared hermomeir for esllrnailon of sr’tnraialroirductance is a possible rid 0 irrIgation ‘chedrriing, Agric. For Meieortai95, 119-149.
k,amec P3.. 963, Water ilelations at Plants. Kcadernlc Press. “few York op 404.406.
Lw,X,, vu, rj,, Sun, X,, Liii. 3.. Mm, Q,, 1.iu, Y., Zhang, Sc 2004, Mlccometeorologicalirites snider the influence of megtomtai and local ,idsertron: a recOil. Agrir For.Meteorol, I 22, lIt .- 24,
t.egg, 6.1., Long. i.F 1975. Turbulent diffu;ion wlhin wheat canopy. It Results ridrrierpreialron, Quan. 3. 5, Meteorol Soc. 101, 611.628.It CO., Vu, Q, 2007. QuantIfying the eltecis of adsection on canopy energy budgetsand water use efficiency in an irrigated wheat field mn Ftc North china Plain.Agrir, Water Manage. 89, 116—122.
Moran, M,S,, Clarke, ‘YR., none, V. Vidal, A., 1994. Estimating crop water deficitustng ihe relation beiween surface-air temperature and spectral r’egerationindex, Rernoie tens, tnsiron. 49 2-6-263.
Nielsen, D.C., 1990. Scheduling irrigations for soybeans with the Crop Water Sirestindex )CWSI). field Crops Res. 23, 103- t 16.
Nielterl, ftC., Andersen, S.C. 989, Infrared ihermomeiry to measure tingle tealtemperatures for quantification of water stress in sunflower Agron. 3. 81. 640’.1542.
Nielsen, DC., Gardner, AR,, tOM. scheduling irrigations for corn writ the CropWater Stress tndes iCWSll, Appi Agric Re;. 2. 295 100.Nielien, D.C.. (lawson, ILL, iliad, AL, 964. Effect of solar azimuth and intraredthermometer view direction on measured irrybean canopy temperature Agrrrn.3, 76, 1,07-6tO.
Olio;o, A.. Carlson, IN., Rris;on, N , I 096. Simcrlairon of diurnal tran.splratloored photosyrllt’tCsis of a waler crcmred coyiieao crop Agrir For. Meteorol. 6.41-S9.
00.5, 4.0,. Ermtemn, Y., thrdem. ‘1’., 2005. Crop waler ‘tires; Sides trim watermelon, 50.Httrlic 96 12t -130.
Qitr. G.Y., Miyamctro. K., Sate. Okushima, C. 2000. Detection of crop tmaflspirailcnmd water stress by temperaturn-relaled .;pprnach under !iefd rid grernihorriec’rcrdlorrr. JOn kgric Sen Quart 34. 79- 37.
sh,rrrgyuan, z... Shan’t, MA. Dyck mant.J.. 2000. NItrogen rrutrirlomt aid water neStr’ttect, or eat photo,yirlhenic gas evchacrgc .ro,t warm cit crr’lc’ercy or coolervOcal. Emrcimoo, tsp. INtl. 44, 140149.
Sitca, liSLE)., Ran, ‘t.tJ.it.. 2005. the CWSI variations of a coftico crop in a remh.arirlcegir’tn iii’ ‘aort1.teasr Itmacil 1. ArM mourn 52 540 1159.Sirloin, P ‘594. Warer use vifirteocy. lii: Perer’ra. L5,. rnvtdtw S’s., fOley, J.R.. In‘.ailmc 5 159.: 5rr.mcmrafriliry c:,imn gatr’d .tgrrar2Iur’c. GATc) 551 Scam t OptionScuerIrcu. Kr’n’e.r Ar.,demic rS01irrer,.. hirimnlnechm, p. 10-2159.‘Imhitto, P. tlsaio. C.. 1995, M’ai.ve canopies cider Iwo roil waFer regimer. I Dirinrialtattemvn of ro’rgy tal,rnre. c’artmm,trc lir:’oirlr, iIs. .rC ravnp’m crrnt’,tr aria’.for. Moituocol 119. 159-1114.
thom, V.5, SIlver, if.R.. 1077 On Ii;m,.m.air’n -rnc.atinrn firm v’rm.iuivg “girnai“v,ttxtc.mlhOti, Jtiarr. 5. Memeroiil. Soc. (3, 145—5)7

Wang,.. M.. Qia, C.Y.. Zhattg. N.Y., their. 5.Y., 2005. Appilcamlon of a now mtelftori to‘o.trarctcn’t waler ‘tm; ‘cues ‘cog. Sc,, 24 49S4



L. U r aL/ghcub oral Wattr 1unat ia 37(20W) l4 ii 35

Yr ZE 21X3 An prnIitI abdwn of LERE5Wtwa md Maize, Motr
ooWut of Gtnarpkal Scma md btu*I 4omcaa RwJ.

id-o( nce. pp 34
Vu. Q., Wmg. T0 30. 3ioiobion of h bm0gt of CpUnt ivt 0 onronmntai Uctom by modei which comblooo1 ndurooc, ohoh od rpn’aon ffa Or, 407407i4

C R. Wng QF. Thuui J. 2004 Modehn ht water ose fbkwncy of mybanand m3z pUnm rndr air flmtfltf Sr%O rppfl(atiOn of aoodt-i of phnorrrhf-!flWaa(Io0 ‘ird rr1 1ooad -rhorrr L ilmh,iof. ff1, f03 fW
Vram (CF.. Lao, V. 3n. tanX. D.Y.. 2004 f(vaiuation o(crrrp water 0rea iotfr

wUr ore’.’ a wrrtr ‘?wat a roe o,lh (hrn lOam 0ffO mferM.agr. 04 2940.

/ /

* / ‘/22 1 2/


